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OBSTRUCT I OM 

E .  A .  Bulanov, M. V .  Sushchikh 

ABSTRACT. Experimental inves t  i g a t  i ons a r e  descr ibed  wh i ch 
show t h a t  during the  spreading of  subsonic  and supersonic  
t u r b u l e n t  a i r  flows, t h e r e  i s  s i m i l a r i t y  i n  the  d i s t r i b u t i o n  
o f  t h e  v e l o c i t y  t h r u s t ,  excess  s t agna t ion  temperature and 
excess  s t a t i c  p re s su re  on the  s u r f a c e  of the  o b s t a c l e .  The 
d i s t r i b u t i o n  of  t hese  va lues  wi th  respec t  t o  t he  dimension- 
l e s s  coo rd ina t e  @ a t  var ious  d i s t ances  from the sectdon o f  
t he  j e t  obeys empir ical  laws t h a t  a r e  common t o  the va r ious  
flows. 

' 

I n v e s t i g a t i o n s  o f  t h e  b a s i c  p a r t  o f  t u r b u l e n t  f lows o f  compressed gas /115* 
2 

have demonstrated t h e  s i m i l a r i t y  o f  p r o f i l e s  o f  dynamic p re s su re  pU [ I ] .  In  

t h e  case  of  t h e  spreading  o f  a  flow on a  f l a t  unbounded o b s t a c l e  l o c a t e d  i n  

t h e  b a s i c  s e c t i o n  o f  t h e  flow, i t  i s  n a t u r a l  t o  assume t h a t  t h e  d i s t r i b u t i o n  

of dynamic p re s su re  on t h e  s u r f a c e  of  t h e  o b s t a c l e  w i l l  a1s.o be  s i m i l a r .  I n  

o r d e r  t o  check t h i s  assumption we made an experimental  i n v e s t i g a t i o n  o f  t h e  

parameters o f  supe r son ic  t u r b u l e n t  a i r  flows spreading  over  a  f l a t  urlbounded 

o b s t a c l e .  The parameters  of  t h e  gas through t h e  s e c t i o n  of  t h e  j e t s  o f  t h e  

t h r e e  i n v e s t i g a t e d  flows and t h e  dimensions o f  t h e  j e t s  a r e  given i n  t h e  t a b l e .  

We i n v e s t i g a t e d  t h e  spreading  of  flow on an o b s t a c l e  wi th  a diameter  o f  

6 0 0  mm (Figure I ) ,  upon which were p laced ,  a t  va r ious  d i s t ances  from t h e  

cen te r ,  pa i r ed  manifolds  wi th  P i t o t  tubes  and manifolds  wi th  thermocouples f o r  

s t agna t ion  temperature.  A s e r i e s  of  dra inage  a p e r t u r e s  was made on t h e  s u r f a c e  

of t h e  o b s t a c l e  f o r  t h e  purpose o f  measuring t h e  s t a t i s t i c a l  p re s su re .  The 

i n v e s t i g a t i o n  was c a r r i e d  o u t  f o r  o b s t a c l e - j e t  s e c t i o n  d i s t ances  s o f  15 and / I16 

20 d  i n  t h e  design mode, 3 0  d i n  t h e  underexpansion mode and 15 da i n  t h e  
a  a 

overexpansion mode. 

For t h e  purpose o f  process ing  t h e  experimental  d a t a  o f  t h e  p r e s e n t  work 

and of  [2-111, i n  which t h e  experimental d a t a  a r e  given f o r  t h e  spreading  o f  

- 
"Numbers i n  t he  margin i n d i c a t e - p a g i n a t i o n  i n  t h e  fo re ign  t e x t .  



subsorlic a i r  flows, we used a  coord ina te  borrowed from t h e  Tolmin s o l u t i o n  f o r  

an axisynlmetric t u r b u l e n t  source  [ S ]  as  t h e  dimensionless  coord ina te :  

where r i s  t h e  d i s t a n c e  from t h e  c e n t e r  of  t h e  obs, tacle;  x  = s + h i s  t h e  

d i s t a n c e  between t h e  po le  of t h e  flow t o  t h e  o b s t a c l e ;  a  is  t h e  turbulence  

cons t an t ;  h  is t h e  d i s t a n c e  between t h e  flow pole  and t h e  s e c t i o n  o f  t h e  j e t  

i n  t h e  f r e e  i n c i d e n t  flow. 
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Figure 1 

Thus, f o r  r e p r e s e n t i n g  t h e  d i s t r i b u t i o n  o f  t h e  parameters  o f  t h e  flow 

dur ing  i t s  spreading  through dimensionless  r ad ius  $, i t  i s  necessary  t o  know 

t h e  va lues  o f  a  and h i n  t h e  f r e e  i n c i d e n t  flow, which were determined on t h e  

b a s i s  o f  t h e  dynamic p r e s s u r e  drop a long  the  f r e e  flow a x i s .  

For t h e  i n v e s t i g a t e d  flows t h e  fol lowing d a t a  were obta ined:  



Ma = 2,43, a = 0,0555, h = - 3 ,S4 ,  
&I, = 2,7, a = 0,0555, f~ = - 3,2da, 
ICfa = 1,64, n = 0,058, h = 0. 

For t h e  flow i n v e s t i g a t e d  i n  [2 ] ,  a  = 0.068 and h  = 3d . In  [3] h  = 1.7da 
a  

hence a = 0.066. I n  [4] t h e  f r e e  flow was n o t  i n v e s t i g a t e d ,  and t h e r e f o r e  t h e  

fo l lowing  va lues  were used i n  accordance wi th  [S]: a  = 0.07, h  = 2.5d . 
a 

These va lues  made it p o s s i b l e  t o  c o n s t r u c t  t h e  d i s t r i b u t i o n  o f  dynamic 

p re s su re  and s t agna t ion  temperature on t h e  s u r f a c e  o f  t h e  o b s t a c l e  wi th  

r e s p e c t  t o  dimensionless r a d i u s  $. Figures  2 and 3 show t h e  r e s u l t s  o f  

process ing  o f  t h e  experimental  d a t a  of  t h e  p r e s e n t  work and o f  [2-41. The 

f i g u r e s  show t h a t  t h e  d i s t r i b u t i o n  of  dynamic p re s su re  and s t a g n a t i o n  tempera- 

t u r e  through dimensionless  r a d i u s  $ dur ing  spreading  on t h e  o b s t a c l e  a t  va r ious  

d i s t a n c e s  from t h e  s e c t i o n  o f  t h e  j e t  a c t u a l l y  obeys laws t h a t  a r e  common t o  

a l l  i n v e s t i g a t e d  f lor is ,  which can b e  approximated by t h e  express ions  : 

Here P~iax i s  t h e  maximum v e l o c i t y  head on t h e  o b s t a c l e  s u r f a c e  and /117 

where A@ i s  t h e  s t a g n a t i o n  temperature on t h e  a x i s  o f  t h e  flow. m 
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Figure 2 
s -- According t o  da t a  of the  present  
work; o  -- according to  [ 2 ] ;  c$ - -  
according t o  [3] ; 0-- according t o  [ 4 ] .  

Figure 3 



- From t h e  s i m i l a r i t y  o f  p ~ 2  i n  t h e  f r e e  
n P, 
1.0 f lo i i  f o r  l a r g e  Mach numbers bf a long  t h e  
C.0 m 

flow a x i s ,  according t o  Newton 's hypo thes i s ,  
C.6 

G: t h e r e  should  b e  s i m i l a r i t y  a l s o  i n  t h e  

0.2 . d i s t r i b u t i o n  o f  t h e  excess  s t a t i c  p r e s s u r e  

- - 0 9 
0.5 1.0 1.5 2.0 -AP-on t h e  o b s t a c l e .  However, a s  borne o u t  

Figure 4 by t h e  experiment,  it a l s o  occurs  f o r  smal l  

0-Ma = 1,61; 0 - lCfa = 2,43; Mach numbers M (Figure 4 ) .  According t o  
m + --hla= 2,7;d-- according experimental  d a t a  t h e  d i s t r i b u t i o n  o f  

to 131. -- 
s t a t i c  p r e s s u r e  wi th  r e s p e c t  t o  coo rd ina t e  

$ on t h e  su r f ace  of t h e  o b s t a c l e ,  . represented i n  Figure 4, can b e  approximated 

by  t h e  fo l lowing  r e l a t i o n :  

where AP i s  t h e  excess  p re s su re  a t  t h e  c e n t e r  o f  t h e  o b s t a c l e ,  determined by 
m 2 .  

t h e  number Mm. The va lue  pUmax can b e  r ep re sen ted  i n  t h e  form 

2 
where pU i s  t h e  v e l o c i t y  t h r u s t  on t h e  flow a x i s  p r i o r  t o  t h e  compression jump; 

m 
k .  a r e  v e l o c i t y  t h r u s t  l o s s e s  on t h e  jump; 

J 
k- a r e  t h e  v e l o c i t y  t h r u s t  l o s s e s  t o  f r i c t i o n .  

f .  

For k .  be w r i t e  
J 

i s  t h e  maximum v e l o c i t y  t h r u s t  on t h e  s u r f a c e  o f  t h e  o b s t a c l e  i n  where pug max 

t h e  absence o f  f r i c t i o n .  

Taking t h e  d i s t r i b u t i o n  o f  s t a t i c  p re s su re  on t h e  o b s t a c l e  i n  accordance 

wi th  express ion  ( 3 ) ,  we can w r i t e  t h e  v e l o c i t y  t h r u s t  d i s t r i b u t i o n  on t h e  

o b s t a c l e  s u r f a c e  i n  t h e  absence o f  f r i c t i o n  



From equat ion  (4) r e  know t h a t  t h e  maximum pu2 w i l l  be  obta ined  whcn t h e  
0 

p re s su re  r a t i o  is 

. hence t h e  s t a t i c  p re s su re  corresponding t o  maximum p ~ 2  i s  
0 

By s u b s t i t u t i n g  t h e  p re s su re  r a t i o  i n t o  exp res s ion  (4) we o b t a i n  

1 -- 
~ L T O ? n l a x =  2P,,2.R k - l .  

We w i l l  express  P and pu2 through t h e  Mach number on t h e  flow a x i s ,  then  m m 
f o r  k  . we o b t a i n ,  when M > 1 

J m 

where o i s  t h e  c o e f f i c i e n t  of  p re s su re  recovery on t h e  forward jump. 
j 

The c o e f f i c i e n t  o f  l o s s e s  t o  f r i c t i o n  dur ing  t h e  spreading o f  subsonic  

a i r  f lows,  i n v e s t i g a t e d  i n  [ 6 ] ,  is k = 0.9-0.92.  
f 

During t h e  spreading  o f  supersonic  flows i n v e s t i g a t e d  i n  t he  p r e s e n t  work, 

i t  was found t h a t  when M = 1.2-2 .4 ,  t h e  c o e f f i c i e n t  o f  l o s s e s  t o  f r i c t i o n  
m 

kf = 0.84-0.9.  

Thus, t h e  experimental  i n v e s t i g a t i o n s  descr ibed  h e r e i n  have shown t h a t  

dur ing  t h e  spreading  of  subsonic and supersonic  t u r b u l e n t  a i r  florus, t h e r e  i s  

s i m i l a r i t y  i n  t h e  d i s t r i b u t i o n  o f  t he  v e l o c i t y  t h r u s t ,  excess  s t a g n a t i o n  



temperature,  and excess  s t a t i c  p re s su re  on t h e  s u r f a c e  o f  t h e  o b s t a c l e .  The 

d i s t r i b u t i o n  o f  t h e s e  va lues  wi th  r e s p e c t  t o  t h e  d imens io~ l l e s s  coord ina te  @ 

a t  va r ious  d i s t a n c e s  from t h e  s e c t i o n  o f  j e t  obeys empir ica l  laws, def ined  i n  

t h i s  work, t h a t  a r e  common t o  t h e  va r ious  flows. 

- - 

Mach number i n  c r o s s  s ec t ion  of 
jet 

S t a t i c  p re s su re  i n  c ros s  
s e c t i o n  of j e t ,  n /m2  
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